




High Energy Physics - "Natural Units"
 

The dimensions of a quantity, indicated by [ ], are all taken to be
energy in HEP. Momentum and mass are given the dimensions of
energy, pc, mc2. The basic energy unit is the electron Volt, the
energy gained when an electron falls through a potential of 1 Volt.

The connection between energy and time, position and momentum
is supplied by Planck's constant, h = h/2π = 0.2 GeV*fm, where 1
fm = 10-13 cm.  Thus, inverse length and inverse time have the
units of energy. The Heisenberg uncertainty relation is ∆E*∆t = h,
∆x*∆p = h.

Charge and spin are "quantized"; they only take discrete values, e
or h/2. Fermions have spin 1/2, 3/2 ..., while bosons have spin 0,1,....
The statistics obeyed by fermions and bosons differs profoundly.
Bosons can occupy the same quantum state - e.g. superconductors,
laser. Fermions cannot (Pauli Exclusion Principle) - e.g. the shell
structure of atoms.



Size and Energy of the Probe

In order to "see" an object of size r one must use "light" with a
wavelength λ < r. Thus, visible light with λ ~ 3000 A ( 1 A = 10-8
cm, ~ size of an atom) can resolve bacteria. Visible light comes
from atomic transitions with  ~ eV energies ( h = 2000 eV*A).

To resolve a virus, the electron microscope with keV energies was
developed, leading to an increase of ~ 1000 in resolving power.

To resolve the nucleus, 105 time smaller than the atom one needs
probes in the GeV (109 eV) range. The size of a proton is ~ 1 fm =
10-13 cm.

The large Hadron Collider (LHC) at the CERN will explore
Nature at the TeV scale or down to distances ~ 0.001 fm.



The Quest for Fundamental Particles
As the tools available to our science have improved, the "cosmic
onion" has revealed layer upon layer.

Bulk matter was found to be mostly empty space. The atoms in a
solid are packed ~ together, where a typical atom has a
characteristic size ~ 1 A = 10-8 cm. The mass of an atom is
concentrated in the nucleus ( A nucleons, Z protons, and A-Z
neutrons). The size of a proton is ~ 1 fm = 10-13 cm.

In the 1970s the proton was observed to consist of point like
quarks. This behavior is resolved at energies ~ 10 GeV or 0.02 fm.
Since that time energies up to 100 GeV ~ 0.002 fm have been
explored and the quarks and leptons still appear to be point
particles. The LHC will extend the search to ~ 1 TeV or 0.0002 fm.



"Particle Physics" in the 20th Century

The e- was discovered by Thompson ~ 1900. The nucleus was
discovered by Rutherford in ~ 1920.  The e+, the first antiparticle, was
found in ~ 1930. The µ , indicating a second generation, was
discovered in ~ 1936.
    

There was an explosion of baryons and mesons discovered in the
1950s and 1960s. They were classified in a "periodic table" using the
SU(3) symmetry group, whose physical realization was point like,
strongly interacting, fractionally charged "quarks". Direct evidence
for quarks and gluons came in the early 1970s.
    

The exposition of the 3 generations of quarks and leptons is only
just, 1996, completed. In the mid 1980s the unification of the weak and
electromagnetic force was confirmed by the W and Z discoveries.
    

The LHC, starting in 2005, will be THE tool to explore the origin of
the breaking of the electroweak symmetry (Higgs field?) and the
origin of mass itself.



The Standard Model
of Elementary Particle Physics

Matter consists of half integral spin fermions. The strongly
interacting fermions are called quarks. The fermions with
electroweak interactions are called leptons. Composite fermions
are the qqq baryon states.

The forces are carried by integral spin bosons. The strong force is
carried by the gluon (g), the electromagnetic force by the photon
(γ), and the weak interaction by the W+, Zo, and W+.



The Generation Mystery

Over the last 50 year the existence of multiple generations has
been experimentally established. The ν was hypothesized to
account for the β decay spectrum of nuclei. The µ was first seen
(1936)  in cosmic rays, while the strange quark (s) was seen in
cosmic rays and accelerator experiments in the 1950s.  The
charmed quark (c) was discovered in the mid 1970s, completing the
second generation. This was followed immediately by the discovery
of the τ lepton, indicating a third generation. The beauty (b) quark
was discovered within 2 years and the gluon (g) was inferred from
the radiative topology of jet events. The W and Z were discovered
in the mid 1980s, while the top quark(t) was only observed in 1996.
That there are only 3 generations was inferred from the decay
width of the Z and from primordial nucleosynthesis.

WHY?



The 3 Quark Generations

The quarks are point like fundamental particles possessing both
strong and electroweak interactions. They have fractional charge,
q = 2/3 and q = -1/3 in units of e. The top mass is now known to be
176 +- 12 GeV. The pattern of masses in not understood. In the SM
the masses are simply input parameters.

The u and d are the lowest mass states and make up matter as it
appears in the nucleus,  p = uud - n = udd. The free n is unstable,
but n bound in nuclei have their mass reduced by the negative
binding energy, making the n stable.

The strong force is mediate by 8 colored gluons. This force is
confining in that free quarks and gluons are not possible. The
force between p and n is a residual "Van der Waals"type in
analogy to the force between neutral molecules as residual to the
EM forces binding electrons to nuclei.



Dijet Events at the Tevatron

The scattering of quarks inside the proton leads to a "jet" of
particles traveling in the direction of, and taking the momentum of,
the parent quark. Since there is no initial state Pt, the 2 quarks in
the final state are "back to back" in azimuth.



The Standard Model
of

High Energy Physics

There are 3 "generations" of quarks and leptons which have
identical interactions and different masses. The pattern of those
masses is not understood, as we lack the dynamics to predict.



The 3 Lepton Generations

Leptons have electroweak interactions but not strong interactions.
They are either charged or neutral. The neutral leptons are called
neutrinos. They have only weak interactions, and so are rather
difficult to detect. The neutrinos appear to be massless, although
there appears to be no reason for this property. For example the
photon and gluon are massless because that property is required to
preserve gauge invariance. Active research is going on searching
for neutrino mass.

The charged leptons are the e, µ and τ. The heavier leptons decay
to the e as the lowest mass (stable) state. The pattern of masses of
the charged leptons is not understood, nor is the necessity for 3
and only 3 "generations".



The Force Carrier Spin 1 Bosons
in the Standard Model

The photon is familiar from 1905 when Einstein identified it as a
particle. The W and Z mediate the "weak" force ( SU(2) x U(1), 3
+1 ). In fact, the fundamental strengths of the weak force and the
electromagnetic are quite similar. Due to the large mass of the W
and Z, the force appears weak for distances > the Compton
wavelength of the W. The strong force is mediated by the 8
massless gluons ( 3 x 3 = 1 + 8 ,SU(3) ). The gluons are thought to
be permanently confined.



Electro - Weak Unification

The weak interactions are responsible for nuclear beta decay. The
observed rates are slow, indicating weak effective coupling. The
decays of the nuclei, n, and m are parametrized as an effective 4
fermion interaction with coupling, G ~ 10-5 GeV-2, Γµ ~ G2Mµ5.

The weak SU(2) gauge bosons, W+ Zo W- , acquire a mass by
interacting with the "Higgs boson vacuum expectation value" of
the field, while the U(1) photon, γ , remains massless.

                                     MW ~ gW<φ>

The SU(2) and U(1) couplings are "unified" in that  e =
gW*sin(θW). The parameter θW can be measured by studying the
scattering of  ν + p,  since this is a purely weak interaction process.

The coupling gW can be connected to G by noting that the 4
fermion Feynman diagram can be related to the effective 4
fermion interaction by the Feynman "propagator",  G ~
gW2/MW2. Thus, from G and sin(θW) one can predict MW. The
result, MW ~ 80 GeV was confirmed at CERN in the pp collider.
The vacuum Higgs field has <φ> ~ 250 GeV.



The Electromagnetic and Weak
interactions

The weak interactions are weak only when viewed at low mass
scales, or large distances. For M > Mw or r < rw, V(r) is roughly of
the same strength, α ~ αw, or Vem(r) ~ Vw(r).



 

W -> e + ν Events at the Tevatron

The W gauge bosons can decay into quark-antiquarks, e.g. u + d,
or into lepton pairs, e + νe, µ + νµ, τ+ ντ. There can also be radiation
associated with the W, gluons which evolve into jets.



 

Z --> e + e and µ + µ events at the Tevatron

The e appear in the EM and not the HAD compartment of the
calorimetry, while the µ penetrate thick material.
 



Why the Higgs will be discovered at the
LHC or before (FNAL, LEP)

The vacuum expectation value of the Higgs field, <φ>, gives mass
to the W and Z gauge bosons, MW ~ gW<φ>. Thus the Higgs field
acts somewhat like the "ether". Similarly the fermions gain a mass
by Yukawa interactions with the Higgs field, mf = gf<φ>. Although
the couplings are just input parameters, the Higgs field gives us a
compact mechanism to generate all the masses in the Universe.

H

f, W, Z

f, W, Z

Γ(H->ff) ~ gf2MH ~ g2(Mf/MW)2*MH , g = gW

Γ(H->WW) ~ g2MH3/MW2 ~ g2(MH/MW)2*MH

Γ  ~ MH3 or Γ/MH ~ MH2 ==> Γ/MH ~ 1 @ MH ~ 1 TeV
______________________________________________________

A(e+e- -> W+W-) ~ αW/π(s/MW)2 < 1 (partial wave unitarity)
==> s ~ MH < ~ 1 TeV.  Since the LHC can examine systems with
energies up to 1 TeV, a discovery is "guaranteed".

______________________________________________________







The Higgs Particle in the SM

The vacuum expectation value of the Higgs field is responsible, in
the minimal SM, for the breaking of electroweak gauge symmetry,
giving mass to the W and Z gauge bosons.

In addition, a Yukawa like interaction, H ~ gffHΨf <φ>Ψf, gives
mass to the fermions in the SM.  This, in turn, means that the
coupling of the Higgs field to the fermions is proportional to the
fermion mass.

The Higgs mass is unknown. For low masses bb and ττ  modes are
largest. When energetically allowed WW and ZZ modes dominate.
The large top mass makes the tt mode substantial, > 10%.





A FNAL Collider (D0) Event

The D0 detector has 3 main detector systems; ionization tracking,
liquid argon calorimetry ( EM , e , and HAD , jets ,), and
magnetized steel + ionization tracker muon , µ ,
detection/identification. This event has jets, a muon, an electron,
and missing energy , ν.



A FNAL Collider (CDF) Event

The CDF detector has 3 main detector systems; tracking - Si +
ionization in a magnetic field,  scintillator sampling calorimetry,
(EM - e, γ and HAD - h), and ionization tracking for muon
measurements. Missing energy indicates n in the final state.
Si vertex detectors allow one to identify b and c quarks in the
event.



















The Interactions Between Particles

The interactions of matter appear to follow from a "gauge
principle", that the Physics not depend on a local phase assignment
of the quantum wave function. Gravity was the first gauge theory,
that Physics be the same for any local label of coordinates. Just as
that requirement required the metric, or curvature, or the gravity
field, the gauge principle requires the existence of photons, γ ,
gluons, g , and electroweak bosons, W+ Z W-.

Gravity was the first "non Abelian" gauge theory. All mass/energy
gravitates, including the field energy (non linearity). Similarly,
gluons  possess "color" charge, W/Z have weak charge ("flavor").
Photons are not electrically charged, so that EM is a linear theory.

A quantum theory of gravity for point like particle cannot be
written without infinities appearing.



Hints of a SM Extension

• The coupling constants are = at M ~ 1016 GeV:
            α/αW is related by a GUT gauge group.
                  Charge quantization is explained.

Quarks and leptons are related, but only at GUT mass.

• Gravity probably needs to be understood. Gravity is the
primordial gauge theory.  To succeed, the basic entities must be
extended objects, strings.

• A local SUSY theory (since SUSY has spin and Poincare
generators) contains gravity. "SUSY is what Einstein would
have written if he knew about fermions as well as bosons".

    The lightest SUSY partners are stable against decays to SM
particles.

• We do not understand what 90 % of the Universe is made of.
     The rotation curves of galaxies and clusters of galaxies cannot

be caused by the observed stellar masses -"dark matter" - is this
     the SUSY partners, or the ν mass?

• What is the dynamics that explains the generational spectrum?
     Where is Bohr when we need him? The Yukawa coupling to e

and the top mass, Mf ~ gf <φ>, ranges from 2 x 10-6 to 0.7, or
about 11 orders of magnitude in the coupling constants, gf2/4π.



Grand Unified Theories
Perhaps the strong and electroweak forces are related. In that case
leptons and quarks would make transitions and p would be
unstable. The unification mass scale of a GUT must be large
enough so that the decay rate for p is < the rate limit set by
experiment.

The coupling constants "run" in quantum field theories due to
vacuum fluctuations. For example, in EM the e charge is shielded
by fluctuations into e+e- pairs on a distance scale set by the e, λe ~
1/me. Thus α increases as M decreases, α(0) = 1/137, α(MZ) =
1/128.. The GUT scale is ~ 1016 GeV, below the mass scale where
gravity becomes strong, U(r) = GNM2/r, MPL2 = 1/GN, MPL = 1.2
x 1019 GeV.



Possible Scenarios at the LHC

• There is a  single Standard Model (SM) Higgs fundamental
scalar field. - boring.

• There is another layer uncovered in the "cosmic onion". Quarks
and leptons are composites of  some new point like entity. This
is in analogy to Rutherford scattering - more wide angle, high
Pt events then expected in the SM.

• There is a deep connection between the Lorentz generators and
the spin generators. Each known SM particle has a "super
partner" with J' = J + 1/2. The Higgs singlet is also extended in
"SUSY" = super symmetry. A new SUSY spectroscopy exists.

• The weak interactions violate perturbative unitarity and
become strong. Resonances appear in WW, WZ scattering ( as
in π + π scattering --> ρ resonance ).  A new force manifests
itself, leading to a new spectroscopy.

• Something no one has thought of occurs! interesting.



Antimatter is required in relativistic
quantum mechanics

The Dirac equation has solutions with E < m and E > m. They
correspond to particles ( e.g. electrons e- and positrons e+ )

The ratio of  baryons (p) to photons in the Universe is ~ 10 -10.
The Universe is mostly light; let there be light.

It is known that one of the necessary ingredients for the lack of
antimatter in the Universe is for CP violating interactions to exist.



Quarks are permanently confined
baryons are unconfined qqq states

The proton (uud) and neutron (udd) are the lowest energy stable
states of baryons. The n decays weakly, p --> n e- ν.

Baryons are integral charge, half integral spin strongly interacting
quark composites.



Mesons as Quark Antiquark
Composites

The colored quarks are confined. In order to be directly
observable, any composite object must be colorless. The
possibilities are 3 x 3 x 3 = 1 + 8 + 8 + 10 ( SU(3) ) - baryons and 3
x 3 = 1 + 8 - mesons. The spins of mesons are 1/2 + 1/2 = 0 , 1 -
pseudo scalar or vector "octets".

The pattern of masses and spins can be understood given the
underlying masses of the quarks and their spin ( 1/2 ).










